ABSTRACT. A series of mixed-metal NH 2 -UiO-66(Zr/Ti) with different percentages of exchanged Ti have been prepared and studied by transient absorption spectroscopy (TAS). The photo-generated transients from mixed NH 2 -UiO-66(Zr/Ti) exhibit at short time scales two defined absorption bands, evolving to a continuous absorption band expanding from 300 nm to 700 nm at longer time scales. The observed spectral changes are compatible with an initial formation of Ti 3+ -O-Zr 4+ and its further transformation to Ti 4+ -O-Zr 3+ via metal-metal electron exchange, thus, providing support to the role of substituted Ti as mediator to facilitate electron transfer from excited ligand to the (Zr/Ti) 6 O 4 (OH) 4 nodes in mixed NH 2 -UiO-66(Zr/Ti). The slow recombination of photo-generated electrons and holes in the mixed NH 2 -UiO-66(Zr/Ti) has been advantageously used for the construction of a photovoltaic cell fabricated with the mixed NH 2 -UiO-66(Zr/Ti), reaching higher photon-to-current efficiency than NH 2 -UiO-66(Zr).
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Ti as Mediator in the Photoinduced Electron
Transfer of Mixed-Metal NH 2 
Introduction
The ever-increasing global demand for energy has stimulated a surge of research effort aimed at utilization of the solar energy [1] [2] [3] . One of the promising strategies is to directly transform solar energy to chemical energy by means of heterogeneous photocatalysis [4] [5] [6] [7] [8] [9] [10] . In addition to the commonly studied metal oxide semiconductors, metal-organic frameworks (MOFs), a class of 3D crystalline micro-mesoporous hybrid materials constructed from metal or metal clusters nodes interconnected by multi-dentated organic linkers, are emerging as a new type of promising photocatalysts due to their inherent large surface areas, uniform but tunable cavities and tailorable photoresponse [11] [12] [13] [14] [15] [16] [17] [18] . Ever since the earlier work of Garcia et al. [19] and Majima et al. [20] , which revealed the photo-induced electron transfer from the excited organic linker (terephthalate) to the metal-oxo cluster (Zn 4 O 13 quantum dot) on MOF-5, the applications of MOFs for photocatalysis, including hydrogen evolution [21] [22] [23] [24] , CO 2 reduction [25] [26] [27] [28] , organic transformations [29] [30] [31] [32] [33] [34] [35] and pollutant degradations [36] [37] [38] , have attracted increasing attention [39] . What makes the MOFs especially appealing for photocatalysis is that light absorption in MOF materials can be relatively facilely tuned for better utilization of solar spectrum since the electronic properties of the MOF are usually determined by the interaction between the organic ligand and the metal ions. Due to the almost limitless combinations of metals and ligands, it is anticipated that a judiciously selection of the metal ions and organic linkers could led to optimized MOF structures for their use as photocatalysts. Actually, the advantageous tuning of the optical properties of the MOFs for photocatalysis has already been demonstrated via the replacement of metal ions, substitution of ligands or a combination of both [40] [41] [42] [43] [44] .
Among all the MOF-based photocatalysts, NH 2 -UiO-66(Zr), a robust Zr-containing MOF composed of hexameric Zr 6 O 32 units linked by 2-aminoterephthalic acid (ATA), is the one that has been probably most widely investigated [45] [46] [47] . A drawing of the NH 2 -UiO-66(Zr) structure is shown in Fig S1 . Although NH 2 -UiO-66 has been used in a variety of photocatalytic applications, its performance is relatively low as compared with other already reported MOFbased photocatalysts, probably due to its inefficient charge transfer from the excited ligand (ATA) to the Zr-O clusters, which is believed to be the most general photochemical process in MOF-based materials [48] . Therefore, finding strategies to improve the efficiency of the charge 
Methods and Materials.
NH 2 -UiO-66(Zr) was prepared following a previously reported procedure [49] . Substituted NH 2 -UiO-66(Zr) with different percentages of Ti exchange, named NH 2 -UiO-66(Zr/Ti), were prepared via post-synthetic exchange of the as-prepared NH 2 -UiO-66(Zr) with TiCl 4 (THF) 2 (THF: tetrahydrofuran) based on a previous report [49] . The percentage of substituted Ti was determined by Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES). Before ICP-OES experiment, the solid samples were digested in a mixture of HNO 3 and milli-Q water.
TAS measurements were performed employing the third harmonic (355 nm) of a Nd:YAG laser (25 mJxpulse, 7 ns fwhp). The photoluminescence (PL) quantum yields and lifetimes were measured employing acetonitrile suspensions of the MOFs matched to the same absorbance at the excitation wavelength (350 mn) with triphenylpyrylium used as standard to determine PL quantum yields.
The photovoltaic cell was fabricated on Indium titanium oxide (ITO)-coated glass substrate using the MOF as the photoactive layer and its configuration is shown in supporting Fig S2. The ITO was first cleaned by ultrasonic agitation in acetone and isopropanol and after drying, it was covered with a dense TiO 2 layer using spin coating. A layer of MOFs with a thickness of 1.5 m was used as the photoactive component. The device is completed by a gold cathode previously coated with a thin layer of Spiro-MeOTAD as hole transport layer. The thickness of all of the films was measured by a MicroXAM-100 3D surface profilometer.
To determine the J SC -V OC plots, the cell was connected to a source Meter (Keithley 2601).
The voltage scan was controlled using ReRa Tracer software. The data were automatically transferred to a PC that controlled the experiment and at the same time provided data storage capability to the system. The solar simulator (Sun 2000, ABET Technologies) was equipped with an AM 1.5G filter and the nominal power for the measurements was 100 mW/cm 2 . The same cells were used to record the incident photon to current efficiency (IPCE) spectra. In IPCE measurements, the cell was illuminated with a 150 W xenon lamp through a Czerny-Turner monochromator. The current output at short circuit was measured by a potentiostat (AMEL), which transferred the data through the A/D converter card to the PC controlling the monochromator apparatus. IPCE curves were calculated using a Newport (818-UV-L) calibrated photodiode. Figure S4 -S6). Although analyses by X-ray photoelectron spectrum (XPS) and X-ray absorption fine structure (XAFS) would be necessary to determine the structure of the prepared materials as well as to further rule out the possibility of the formation of Ti impurities, all the available characterization data suggest that the mixed NH 2 -UiO-66(Zr/Ti) have been successfully obtained as it has been previously reported [49] . In this context, it is worth mentioning that in the previous article where the Ti subtituted NH 2 -UiO-66(Zr/Ti) was synthesized for the first time, XPS and XAFS analyses were carried out [49] . The XPS showed two peaks in the Ti 2p region, the temporal profile of the signal monitored at 505 nm to a sum of two monoexponential kinetics is  1 = 82.3±4.6 s (64%) and  2 = 487.1±24.1 s (36%). The lifetime values are given with the standard error afforded by the fit. It is interesting to note that the temporal profile of the signal monitored at 345 nm does not decay completely even 4000 s after the laser pulse. However, this long-lived component disappears when the sample was diluted (Supporting Figure S9 ). This behavior indicates that an intermolecular photo-induced electron transfer process between two 2-aminoterephthalate molecules could occur after excitation. The small absorption band centered at 720 nm is characteristic of solvated electrons in water and indicates that photo-induced electron ejection from excited ATA to H 2 O also occurs. Such electron photo-ejection has previously been reported for sodium terephthalate [58] . In contrast, the TA spectra recorded for mixed NH 2 -UiO-66(Zr/Ti) are different from that of single metal NH 2 -UiO-66(Zr), a fact that is in agreement with the experimentally observed influence of Ti-exchange in the photocatalytic reactions. The diffuse reflectance TA spectra recorded at short times (< 3 s) after the 355 nm laser pulse for NH 2 -UiO-66(Zr/Ti-35%) shows the appearance after the laser pulse of two defined absorption bands, one of them a more intense absorption band centered at 450 nm and the second one a less intense, but broader band peaking at 540 nm (Fig. 4a) . Quenching experiments for the mixed-metal NH 2 -UiO-66(Zr/Ti-35%) show that the signal at 540 nm is quenched by dichlorometane and grows in the presence of methanol, indicating that it corresponds to trapped electrons, but located in a different environment than in pure NH 2 -UiO-66(Zr) (Supporting Figure S10) . However, unlike that in pure NH 2 -UiO-66(Zr), the transient signal at 450 nm is weakly affected by the quenchers, which may imply an overlapping of transient species, probably located on the ATA ligand, absorbing at this wavelength (Supporting Figure S11 ). Different to the case of pure NH 2 -UiO-66(Zr), the TA spectra recorded for mixed-metal NH 2 -UiO-66(Zr/Ti) change significantly at long delay times. Thus, longer than 200 s after the laser pulse, the TA spectrum of the mixed-metal NH 2 -UiO-66(Zr/Ti-35%) consists of a continuous absorption band expanding from 300 nm to 700 nm (Fig. 4b) . After different initial decays, at time scale beyond 20 s, the temporal profile of the signal monitored at any wavelength from 300 to 700 nm are coincident, indicating that at this time delay they probably correspond to the same transient species (Fig. 5B) . Such a phenomenon indicates that the initially formed localized Ti 3+ -O-Zr 4+ has changed to another transient species, which is assumed to be the delocalized, non/geminate photo-induced charge separated state with electrons trapped in the inorganic clusters, as Ti 4+ -O-Zr 3+ , and positive holes on the ATA ligand based on previous TAS studies [19, 58] . The transformation from Ti 3+ -O-Zr 4+ present at short time scales to Ti 4+ -O-Zr 3+ at longer time scales is consistent with previous theoretical calculations predicting that Ti acts as a mediator to promote the charge transfer from ATA ligand to Zr center in mixed NH 2 -UiO-66(Zr/Ti), a mechanism which was previously proposed based on the theoretical calculations (Scheme 1) Scheme 1 Mechanistic proposal to rationalize the photochemical behavior of mixed NH 2 -UiO-66(Zr/Ti).
Results and Discussions
Actually, although the previous discussion has been focused on NH 2 -UiO-66(Zr/Ti-35%), the transient absorption spectra for all the MOFs of the series NH 2 -UiO-66(Zr/Ti) are similar (Supporting Figure S13 ) and show analogous quenching behavior and spectroscopic properties at long times after the laser pulse (Supporting Figures S14-S15) . Therefore, TAS provide evidence supporting that the photochemical behavior of mixed-metal NH 2 -UiO-66(Zr/Ti), where Ti partially substitutes Zr, is different to that of single metal NH 2 -UiO-66(Zr) and Ti 4+ is the ion that initially accepts photo-generated electron from the excited ATA ligand to form Ti 3+ in a (Ti/Zr) 6 O 4 (OH) 4 node. This process is easier for Ti 4+ than for Zr 4+ . The fact that the quenching rate constant of the ATA triplet by Ti 4+ in solution is one order of magnitude higher than that determined for the quenching by Zr 4+ also supports this rationalization. Subsequently, a metal-tometal electron exchange would occur and the as-formed Ti 3+ -O-Zr 4+ is further transformed to Ti 4+ -O-Zr 3+ , which is presumably more active for the photocatalysis due to its much longer lifetime. Therefore, with Ti acting as a mediator, the original inefficient pathway to form Zr 3+ in pure NH 2 -UiO-66(Zr) due to kinetically unfavorable direct electron transfer from the excited ATA to Zr 4+ can take place in the mixed-metal NH 2 -UiO-66(Zr/Ti) through Ti as mediator. Our TAS results provide direct evidence for the prompt and delayed formation of Ti 3+ and subsequent Ti-to-Zr electron transfer at much longer time scales in the mixed NH 2 -UiO-66(Zr/Ti). Although a similar metal-metal electron exchange process has already been reported in some bimetallic assemblies [59] [60] [61] , the spectroscopic data obtained by TAS provide spectroscopic support to such a metal-metal electron exchange. Table S3 ). Table S2 ). In addition, the PL lifetime for pure NH 2 -UiO-66(Zr) is only 3.6±0.9 ns, while the introduction of Ti atoms into NH 2 -UiO-66(Zr) leads to increased lifetime of the PL emission for all mixed NH 2 -UiO-66(Zr/Ti), with the longest average lifetime of PL (24.5±1.7 ns) observed on NH 2 -UiO-66(Zr/Ti-25%) (Supporting Table S4 figure 7 to clearly distinguish the low current densities obtained for the devices under illumination from dark currents. As it can be seen in figure 7 , the current densities measured under dark conditions are lower than 0.25 μA/cm 2 , and therefore, it is expected small influence in the final current extracted under illumination. Table 1 summarizes the current densities, Jsc, voltages at open circuit, Voc, field factor, FF, and power conversion efficiency values obtained from the J/V curves under illumination shown in Figure 7 .
As shown in We have been able to measure the photocurrent spectra of these optoelectronic devices. generate current at longer wavelengths than employing pure NH 2 -UiO-66(Zr) reaching the visible region of the spectra. This result supports the previous conclusion that the Ti-substituted
MOFs improve the performance of the devices by enhancing the visible light photo/response. 
Conclusions
In summary, the TA spectra recorded for mixed-metal NH 2 -UiO-66(Zr/Ti) upon irradiation evolve from a spectrum at short delay times exhibiting two absorption bands to a continuous absorption band ranging from 300 nm to 700 nm at longer time scale, the evolution being compatible with an initial formation of Ti 3+ and its further transformation to Zr 3+ when mixedmetal NH 2 -UiO-66(Zr/Ti) is excited. This change in the transient spectrum does not occur for single metal NH 2 -UiO-66(Zr) for which only a transient spectrum consisting in bleaching of the NH 2 -UiO-66(Zr) ground state absorption and a peak at 420 nm is recorded. The present study provides spectroscopic evidence supporting the role of substituted Ti as a mediator to facilitate the electron transfer from excited ATA ligand to the Zr nodes in mixed NH 2 -UiO-66(Zr/Ti). The existence of a trapping electron state (Ti 3+ ) in the mixed NH 2 -UiO-66(Zr/Ti) allows more efficient metal-metal electron exchange and should account for the enhanced photocatalytic performance observed for mixed NH 2 -UiO-66(Zr/Ti). Taking advantage of the slow recombination between the photo-generated electrons and holes in the mixed NH 2 -UiO-66(Zr/Ti), a photovoltaic cell fabricated with mixed NH 2 -UiO-66(Zr/Ti) shows higher photon-tocurrent efficiency than NH 2 -UiO-66(Zr). This study illustrates the potential of TAS as a tool to provide spectroscopic data of the photophysics of MOFs whose better understanding can lead to a rational design of MOFs as photo-responsive materials.
ASSOCIATED CONTENT
Supporting Information. A detailed list with all the chemical reagents employed.
Characterization techniques. ATR-FTIR spectra, nitrogen isotherms, thermogravimetric analysis and SEM images of the prepared MOFs. TAS data mentioned on the manuscript.
AUTHOR INFORMATION
The authors declare no competing financial interests.
ACKNOWLEDGMENTS
Financial support by the Spanish Ministry of Economy and Competitiveness (CTQ2014-53292-R-AR, Severo Ochoa, CTQ2015-69153-CO 2 -R) is gratefully acknowledged. S.N. thanks financial support by Fundación Ramón Areces (XVIII Concurso Nacional, Ciencias de la Vida y de la Materia, Energía renovable: materiales y procesos 2016).
